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Electrical conduction through molecular junctions are measured in different local environments
through two test beds that are ideal for single/few molecule and molecular monolayer systems.
A technique has been developed to realize Au ﬁlms with ∼1.5 Å surface roughness comparable to
the best available techniques and suitable for formation of patterned device structures. The technique utilizes room temperature e-beam evaporated Au ﬁlms over oxidized Si substrates silanized
with (3-mercaptopropyl)trimethoxysilane
(MPTMS).
The lateral
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enabled
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Lateral metal-molecule-metal (M-M-M) device structures are fabricated by forming pairs of Au elecIP : 128.46.220.88
trodes with nanometer separation (nano-gap) through an electromigration-induced break-junction
Tue,
27 Nov 2007 13:47:28
(EIBJ) technique at room temperature and conductivity measurements are carried out for dithiol
functionalized single molecules. We have used the ﬂat Au layer (using the current technique) as
the bottom contact in vertical M-M-M device structures. Here, molecular self-assembly are formed
on the Au surface, and patterned (20 × 20 m2 ) top Au contacts were successfully transferred
on to the device using a stamping technique (where the Au is deposited on a polydimethylsiloxane (PDMS) pad and following a physical contact on the thiolated Au layer). The single molecular
property of XYL, a highly conductive molecule and many molecular property of HS-C9-SH, an insulating molecule in its molecular monolayer form are measured. Observation of enhanced conduction
following molecular deposition, and comparison of conductance–voltage characteristics to those
predicted theoretically, conﬁrms the success of trapping single/few molecules in the nano-gap. The
observed ∼ 102 less conductance through the molecular monolayer of HS-C9-SH compared to the
estimation of a linear sum of single molecule conductances over large area indicate that either all
the molecules are not in physical contact with the top stamping electrode or electrode-molecule
coupling has a less broadening in presence of it own environment or both.

Keywords: Molecular Junctions, Ultra-Flat Gold Surface, Electromigration, Nanogap, Stamping
Technique, Large Area Molecular Devices.

1. INTRODUCTION
Electrical readouts of the single or few organic molecules
are of great interest to the nano-science and technology. Generally, the electrical properties of the molecular systems are studied through a metal-molecule-metal
(M-M-M) device structure fabricated by sandwiching the
test molecules (by self-assembling) between two metal
electrodes in lateral or vertical conﬁgurations. Lateral
device structures (LDSs) are performed by anchoring
dithiol functionalized molecules between pairs of metal
electrodes in molecular scale gap that are formed using
a break junction technique (mechanically controlled1 2 or
electromigration induced).3–7 Whereas, the vertical device
∗
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structures (VDSs) are fabricated by approaching a second (or top) electrode towards a molecular monolayer.
This is performed through scanning tunneling microscopy
(STM),8–9 conducting probe atomic force microscopy
(C-AFM),10 cross-wire,11 and top metal contact with drop
of liquid mercury12 and deposition through nanopore
techniques.13
Among the challenges in realizing well-controlled
device structures are the difﬁculties in achieving Au surfaces with molecular scale roughness in patterned devices
and nano-scale gaps between contacts in planar structures.
In this work, we have developed a technique for realizing
ultraﬂat Au over oxidized silicon surfaces with a molecular
adhesion monolayer of (3-mercaptopropyl)trimethoxysilane (MPTMS) using a procedure that should be compatible with micro-fabricating techniques. We have applied
1533-4880/2007/7/2134/005
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the resulting Au layers in both lateral (few molecule)
and vertical (many molecules) molecular electronic device
structures. The device structure for single/few molecule
experiments are carried out by assembling the dithiolfunctionalized molecules between Au electrodes with
molecular scale gaps formed through electromigrationinduced break junction (EBJ) technique and for molecular monolayer devices, a stamping technique is adopted to
form the top Au electrode over the molecular self assembly
on ultra-ﬂat Au substrates. This accounts a comparison in
electronic properties that are observed for molecular systems consisting of single unit (single molecule systems)
and with the presence of its own environment (many
molecule systems). The single molecular property of XYL,
a highly conductive molecule and many molecular property of HS-C9-SH, an insulating molecule in its molecular monolayer form are measured. Enhanced conduction
through the nanogaps after growing a self-assembled
monolayer conforms the successful bridging of single/few
Delivered by Ingenta to:
molecules between the nano-electrodes. It is observed that
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1. (a) A schematic of an Au layer deposited over SiO2 substrate
the alkanedithiol molecules show less conductive in molecwith the molecular adhesion of MPTMS, showing the bottom Si–O–Si
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2
ular monolayer devices (∼400 m ) compared to that of
covalent
and top Au–S chemical bonds. (b) Topography of a 200 Å thick
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single molecule devices.
Au layer using the current technique, showing a rms surface roughness

Generally, gold (Au) is used as a suitable metal surface in
molecular characterization for its well ordered molecular
self assembly properties and probing molecules for molecular electronics study. However, Au is incompatible with
the commonly used oxidized silicon surface and a metallic
(Ti or Cr) layer is used to support the Au ﬁlms by giving
a sufﬁcient adhesion between SiO2 and Au. In our currently used technique, the hydroxyl modiﬁed SiO2 surface
was exposed to vapor-phase MPTMS molecules (procured
from Aldrich and Co., USA) within the evacuated desiccator and then Au is deposited by e-beam evaporation. The
detailed experimental procedure and chemical processes
involved are described in our earlier work.14 In the molecular form, MPTMS (C6 H16 O3 SSi) has a three straight
carbon chained molecule having silane and thiol groups
at the two extremities. The silane group by hydrolysiscondensation reactions, interact with surface silanols of
the substrates (vertical condensation), react with themselves to form siloxanes by horizontal condensation to
form O–Si–O covalently bonded networking of monolayer
over the SiO2 surface. In addition to the bottom O–Si–O
bond, the sulphur–gold (S–Au) bond at the top evaporated
Au contact, makes MPTMS an efﬁcient adhesive monolayer between bottom SiO2 and top evaporated Au ﬁlm.
A schematic diagram showing the Au ﬁlm over a MPTMS
capped SiO2 substrate is shown in Figure 1(a). The surface
morphology of the samples was determined by imaging
using a Veeco Dimension 3100 atomic force microscope
(AFM) in tapping mode. An AFM image of the gold surface in a Si/SiO2 /MPTMS/Au(200 Å) structure is shown

in Figure 1(b) that shows a rms surface roughness of 1.5 Å
over a scan area of 1 m2 . Different studies show a consistent surface roughness of 1.0–2.0 Å for MPTMS/Au
samples compared to 6.0–40 Å for Au/Ti samples, each
consisting of 20 nm Au ﬁlms. The above observation indicates that the MPTMS/Au shows a signiﬁcantly lower surface roughness than that of the Au/Ti sample, with an
overall roughness (of 1–2 Å) comparable to that of the best
available techniques for the formation of ultraﬂat Au15 16
(with surface roughness of 1.0–3.0 Å, as observed through
template stripping15 17 and ﬂame annealing16 methods).
The advantages of this process include the ease of
fabricating the required ﬂat Au surface, the absence of
post-evaporation processing and the potential for realizing the ﬂat Au surface in patterned regions. Although
Au surfaces with ﬂatness in the same range have been
observed through template stripping15 (also observed for
platinum surfaces)17 and ﬂame-annealing,16 patterned layers required for most device applications are difﬁcult to
achieve with these techniques. In addition, the current
technique should result in little Au contamination, which
can occur during thermal deposition or ﬂame annealing.16
The MPTMS/Au layer is physically resistant to commonly used chemicals during surface cleaning and SAM
formation (including Tolune, Acetone, Methanol, Ethyl
alcohol and Dichloromethane). Various photo-lithographic
patterns were also developed using several photoresists.
Exposure to the above chemicals leave the Au-layer unaffected (no delamination or crack is observed through high
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2. EXPERIMENTAL DETAILS AND RESULTS

of ∼1.5 Å over 1 m2 area. (c) Transmittance FTIR spectroscopy of
1-hexadecanethiol, which shows a well ordered SAM over the ultra-ﬂat
Au surface. Inset shows the schematic of the C16-SH molecule.
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Fig. 2. Schematic of the steps to follow in stamping process: (a) phoFig. 3. Room temperature I–V characteristics of Au/C9-dithiol/Au vertoresist patterning on SiO2 substrate, (b) PDMS mold formation, (c) septical device structure. (a) An Optical microscope image and (b) a
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stamping process, initially the PDMS mold is formed

resolution microscopy) even after a 30 minute ultrasoniﬁcation, and exposure to hot plate (∼130  C) and UVlight. The physical stability of the Au-layer indicates
that the atomically-ﬂat Au surfaces formed in this technique are generally suitable for molecular characterization and device fabrication for electronic applications. To
demonstrate of the Si/SiO2 /MPTMS/Au structure yields a
suitable substrate for formation of well-ordered SAMs, a
1-hexadecanethiol monolayer was deposited by a solution
technique (by immersing the Au substrate into a 2 mM
solution of C16-SH in ethanol). Figure 1(c) represents the
absorbance FTIR spectroscopy of 1-hexadecanethiol SAM
formed over the ﬂat Au surface. The clearly deﬁned peaks
at wave numbers 2926.25 and 2853.56 cm−1 are characteristic vibrational modes for C–H stretches in the C16alkane chain,18 indicating the presence of a well ordered
SAM over the ultra-ﬂat Au surface.
The physical stability of the Au ﬁlm over SiO2 and
its suitability for formation of well-ordered organic monolayers indicate that the ﬁlms are well-suited as substrates
for patterned device fabrication in molecular electronics
or other devices involving self-assembled monolayers. We
have applied the resulting Au layers for fabricating test
devices for single/few molecules and molecular monolayer
systems. We have used the ﬂat Au layer (using the current technique) as the bottom contact in vertical M-M-M
device structures. A -dithiol functionalized molecule is self
assembled on the Au surface, and a patterned (20 × 20
m2 ) top Au contacts were successfully transferred on to
the device using a stamping technique, where the Au is
deposited on a patterned PDMS pad and make a physical
contact on the thiolated Au layer. Figure 2 illustrates the
chemical procedure that was followed during stamping. In
2136

(Fig. 2(b)) over a patterned SiO2 substrate (Fig. 2(a)) followed by separating the mold from SiO2 (Fig. 2(c)) and
evaporating Au on the PDMS pad (Fig. 2(d)), which then
transferred over a molecular self-assembly (Fig. 2(e)).
Electrical conduction through a molecular monolayer is
veriﬁed by assembling a 1,9 nonane-dithiol monolayer in
a VDS conﬁguration illustrated above. Figure 3 shows the
non-linear current–voltage characteristic observed through
a HS-C9 -SH molecular monolayer by applying a bias to
the top (stamped) and bottom MPTMS/Au contacts as
demonstrated in Figure 3(a). An optical microscope image
of a proto-type device formed using this technique in a
Au/HS-C9 -SH/Au structure is shown in Figure 3(a) and
the molecular sketch of the resulted device is shown in
Figure 3(b). The current density of 25 × 105 A/cm2 is
observed in devices with a 20 × 20 m2 contact area. This
value is comparable to the reported value of 3–6 × 105
A/cm2 for alkanedithiol molecules that are measured in
M-M-M structures19 with evaporated top contacts with
device dimension below 100 nm in order to avoid shorts20
(between top and bottom Au).
Pair of electrodes in molecular scale gap is required to
probe a single molecule. We have achieved the nano-gaps
using an EBJ technique, where a linearly varied voltage
bias is allowed to ramped across the Au micro-wires in
steps of 20 mV at a rate of 0.25 sec/step. At a threshold voltage Vth (corresponding current density Jth ), ∼107
order decrease in current due to the formation of a gap
is observed, where Ohmic current through the Au microwires change to tunneling current through the nano-gap
created between two newly formed Au electrodes. Field
emission scanning electron microscope (FESEM) image
of a representative nano-gap is shown in Figure 4(a) and
J. Nanosci. Nanotechnol. 7, 2134–2138, 2007
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Fig. 5. Room temperature I–V characteristics of Au/XYL/Au (squares)
and Au/Empty-gap/Au (circles) device structures. Insets show the molecular formula of XYL (left) and the low bias dI/dV verses the applied
voltage.
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the Au micro-wire before electromigration is shown in the
inset of Figure 4(a). The detailed characterization of nanogaps through FESEM imaging and current–voltage characteristics is discussed elsewhere.21
Electrical conduction in a single/few molecule system
is veriﬁed through M-M-M device structures in lateral
conﬁguration (schematic diagram of the device structure
is shown in Fig. 4(b)) formed by bridging a dithiol
functionalized molecular self-assembly between Au nanoelectrodes. A zoomed view of the single/few molecule system observed at the nano-gap region is sketched in inset
of Figure 4(b). Figure 5 represents the I–V characteristics
of Au/XYL/Au device at room temperature. An increase
in current of ∼105 is observed in these devices, compared to the currents through the empty-gap devices. This
increase in conductivity is observed only in devices with
gaps of ∼1–2 nm, but not in devices with gap larger than
2 nm, as determined from empty-gap conductivity levels
and subsequent FESEM imaging. Molecular ﬁne structures
are reﬂected in the dI/dV verses voltage plot (shown in
inset of Fig. 4) with a conductance gap of 0.4 V, which
is predicted theoretically22 as the distance between the
J. Nanosci. Nanotechnol. 7, 2134–2138, 2007
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Fig. 4. (a) Schematic of the M-M-M lateral device structure used for
single or few molecule systems. Inset shows the expected molecular
bridging across the nano-gap. (b) FESEM Image of an EIBJ that shows a
∼2 nm gap created between two Au electrodes. Insets show the FESEM
image of an unbroken Au wire. Although the Au wires are initially 2 m
wide, gap of length ∼2 nm and width ∼5 nm is observed after the break.

hence the successful bridging of the dithiol molecules of
length comparable with the nano-gap between the pairs of
Au-nano-electrodes. In an another experiment,23 the suitability of the nano gaps for single/few double stranded
(ds)-DNA conductivity studies are veriﬁed by measuring the electrical conduction through double-stranded (ds)DNA molecules, where the dithiol derivatized ds-DNA
conﬁguration was immobilized between the EIBJ created Au nano-electrodes. Here, the number of ds-DNA
molecules bridging the nano-gap is estimated by comparing the active area of DNA dimension at the break-junction
site (as viewed through FESEM) and the surface coverage of the ds-DNA molecules on Au surface (as recorded
through quartz crystal microbalance).
Comparison of the single molecule conduction in these
two test beds will improve understanding the operating
principles of the newly growing molecular devices in electronic circuitry. For molecular junctions with single/few
molecule systems, the exact number of molecules that
are bridged across the nano-electrodes can not be predicted accurately. This issue has been resolved statistically
by considering that the measured conduction is a linear
sum of the single molecular events and a normalization
procedure24–26 is followed to achieve the single molecule
conductance. Although, the molecules in molecular monolayer systems are chemically coupled to the electrodes in a
same fashion as the single/few molecule systems through
Au–S bonding, they may have different physics involved
in both the structures because of the presence of surrounding molecules (that may affect the metal-molecule coupling) and different interface properties due to large area
contact electrodes. The conduction through a molecule in
its own environment is still under study due to lack of

Electrical Readouts of Single and Few Molecule Systems in Metal-Molecule-Metal Device Structures
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a means to hold the molecules between two electrodes
of such large area with a fair electrode-molecule contact.
Our current method14 explores the device dimension over
100 m2 . It is believed that the density of molecules in a
molecular monolayer formed over Au surface is about 4.6
molecules/nm2 . Our experiment estimates a conductivity of
54 × 10−10 S/molecule for a system consisting of molecular monolayer of HS-(CH2 )9 -SH, which is two order less
than the observed conductivity of ∼10−8 S/molecule that
were measured using different techniques.26 27 The probable reason for decrease in conductivity may be due to an
improper physical contact of the top stamping electrode to
all the molecules throughout the device area. Here the effect
of electrostatic potential and thermal ﬂuctuation may also
have a signiﬁcant role in decreasing the conductivity28 of
the molecule in device dimensions over ∼100 nm2 area.
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